Abstract -The fracture mechanism for rubber-filled composites based on gutta-percha, LDPE, medium-density PE, and rubber particles has been studied. An increase in the concentration of filler particles leads to a change in the stress-strain behavior of the composites from neck propagation to homogeneous plastic deformation. For the filled composites, the criterion for the ductile-to-ductile transition is the equality of yield and draw stresses. The critical concentration of rubber particles at the ductile-to-ductile transition is controlled by the ratio between the yield stress of matrix polymer and the neck propagation stress. Transition from neck propagation to homogeneous plastic flow of the material is accomplished under two conditions: the breaking strength of the polymer matrix should be higher than the yield stress, and stretching of the composite should not be accompanied by the formation of diamond cracks. The latter condition is fulfilled when the dimensions of rubber particles are below a certain critical value, which is determined by the ductility of the matrix.
Introduction of finely divided filler particles into thermoplastic polymers leads to a decrease in the breaking extension of the composite. When a uniformly deformable plastic polymer (ethylene-vinyl acetate copolymer [1] , PTFE [2] ) is used as a matrix, the breaking extension of the composite monotonically and gradually decreases with increasing the filler content. The behavior of composites based on a matrix that experiences necking upon stretching is fundamentally different. At a certain critical filler content, such composites typically become brittle and their breaking extension abruptly decreases by about two orders of magnitude [2] . Obviously, this transition to brittle fracture in composites is undesirable.
According to published data [2-6], the embrittlement of composites is due to neck formation in the polymer matrix. At a certain filler content, the composite fails during necking. In addition to filled plastics that experience the transition from ductile to brittle fracture (LDPE [7] , PVC [8] , PC [9] , PP [10, 11] , PET [3]), there are some dispersedly filled thermoplastic polymer-based composites which remain ductile over a wide range of filler content despite neck formation in the matrix polymer [12, 13] . The objective of this study was to determine the conditions that facilitate prevention of the embrittlement of materials based on plastic matrices that experience necking upon stretching.
EXPERIMENTAL
In this study, we used LDPE (melt flow index is 2 g/10 min), medium-density PE (MDPE), and transpolyisoprene (gutta-percha).
As a filler, we used two types of rubbers: ground tire rubber prepared via the roller-mill grinding of scrap automobile tires and crumb rubber prepared via the elastic-deformation grinding of waste EPDM-based automobile sealants. Since the volume fraction of isoprene rubber in the former elastic filler is 0.60 [14] , hereinafter this filler is referred to as an IR-based filler. The particle size of IR and EPDM rubber was 10-600 µ m.
The low-and medium-density PEs were blended IRbased and EPDM rubber particles, respectively, in a single-screw laboratory extruder that had two heating zones and a mixing chamber. The ratio of the length to the diameter of the screw was 12. The mixing chamber was composed of two coaxial ribbed cylinders of 120 mm length with a gap of 1 mm between the cylinders. The inner cylinder was a continuation of the rotor. Temperature regimes of blending are listed in the table. The volume fraction of filler V f was varied from 0.02 to 0.36; this corresponds to 2-40 wt %. The molding conditions are also specified in the table. After holding the material under pressure for 10 min, the temperature was gradually decreased to 20 ° C.
Gutta-percha was blended with EPDM particles via repeated short-term molding at a temperature of 100 ° C and at a pressure of 10 MPa. The overall molding time did not exceed 5 min. The blends were molded into sheets of 1-mm thickness. Molding conditions were similar to those used for the preparation of LDPE-based sheets.
The stress-strain characteristics of the materials were determined in the uniaxial stretching mode on a 203R-005 tensile machine. Dumbbell-shaped specimens with a gauge size of 5 × 35 mm were used for mechanical tests. The crosshead speed was 20 mm/min.
Mechanical tests of LDPE-IR and gutta-percha-EPDM specimens were conducted at room temperature. The MDPE-EPDM material was tested at 80°ë in a temperature chamber. In this case, the specimens were held at a given temperature for ~5 min.
The materials based on thermoplastics and rubber particles are referred to as thermoplastic rubbers. The values of stress used in this study were calculated with reference to the initial cross-sectional area of the sample.
RESULTS AND DISCUSSION
Preliminary Analysis The mechanical behavior of a filled composite will be analyzed in terms of the approach developed earlier in [2] [3] [4] [5] [6] . This approach considers three competing deformation mechanisms for a filled composite: namely, neck propagation, brittle fracture, and homogeneous plastic flow. Each mechanism of deformation is described by its own formal parameter dependent on the amount of filler particles. Necking is characterized by the draw stress σ d (necking stress); brittle fracture, by the breaking strength σ c of the composite; homogeneous plastic deformation, by the yield stress σ y . The deformation mechanism of filled composites is defined by a minimum in the values of these three parameters. When the draw stress is lower than the breaking strength and the yield stress, the specimen experiences necking along the draw axis. When the breaking strength of the composite is lower than the draw stress and yield stress, brittle fracture takes place. When the yield stress is lower than the breaking strength and necking stress, deformation of the material is macrohomogeneous and plastic in character. Therefore, brittle fracture can be prevented over the entire range of filler content if the breaking strength of the composite is above the necking stress or the yield stress.
Functional relationships that describe the effect of the filler content on σ c , σ y , and σ d were derived in [4, [15] [16] [17] [18] [19] [20] .
The breaking strength of a composite filled with finely divided particles is described by the equation [15, 16] (1)
where σ m is the breaking strength of the matrix, V f is the volume fraction of particles, and β is the parameter describing the shape of the particles.
The yield stress is defined by the relationship [17] [18] [19] .
Here, σ ym is the yield stress of unfilled polymer. Unlike the breaking strength or yield stress, the draw stress of the composite is a linear function of concentration [2, 4, 19, 20] :
( σ dm is the necking stress of the matrix). According to Eqs.
(1)-(3), the breaking strength and the yield stress of the materials based on plastic polymers decrease proportionally to , whereas the draw stress is proportional to V f . At low filler contents of V f Ӷ 1 , the following inequality holds: V f Ӷ . Hence, with an increasing filler content, the breaking strength and yield stress decrease at a higher rate than the necking stress decreases.
An analysis of the calculated relationships σ c -V f , σ y − V f , and σ d -V f shows that the behavior of the composites is different at σ c < σ y (the breaking strength of the composite is lower than the yield stress) and at σ c > σ y (the breaking strength of the composite is higher than the yield stress). σ c < σ y : Ductile-Brittle Transition Figure 1a sketches the stress-strain curve for a polymer whose σ ym is higher than σ m . The theoretical concentration plots of the breaking strength, yield stress, and draw stress for a composite based on this polymer are shown in Fig. 1b . At low filler contents (region I), the breaking strength is higher than the tensile stress ( σ c > σ d ), a result that corresponds to neck propagation 
